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摘  要
         
         
  基于燃料电池及水分解制氢的综合能源系统是未来理想的能源循环体系。本论文
围绕探索和制备用于燃料电池和电解水系统的新型高效非贵金属电催化剂，并深入
探究新型催化剂的催化机理，取得了以下结果：
1.利用廉价的原料经过简单的方法首次制备了一类不含任何过渡金属元素成分的新
型低成本非贵金属氧还原催化剂（CPMPDA-NaCl），该催化剂与研究领域内已报导
的其他非贵金属ORR催化剂比较表现出最好的催化活性，具有最小的碱性条件ORR理
论过电位。该催化剂在0.1 M KOH电解液中，极限扩散电流达到4.05 mA/cm-2，半
波电位为0.905 V，过氧化氢产率低于7%，计算获得的单个氧分子转移电子数为
4，是经过直接4电子还原反应将O2在电解液中还原为OH-，最小的理论过电位仅为
0.369 V。CPMPDA-NaCl的催化活性甚至优于目前最好的应用于燃料电池ORR催化体
系的Pt/C催化剂。同时具有市场推广应用的前景。
2.结合理论计算，首次提出了“耦合离子对诱导离域化活性中心（ICDAS）”模型
。该ICDAS催化剂是一种完全不同于已有ORR催化剂的新类型。
3.ICDAS催化剂催化活性位点由Na-Cl耦合离子对和石墨型N掺杂形成的q-N-C基团通
过特殊相互作用结合的多原子中心构成，形成“-C+n-Cl--Na+-N--C+m-”高活性
ORR催化活性中心。与传统的N掺杂C催化剂相比，ICDAS催化剂通过耦合离子对诱导
增强效应，改变了催化剂材料表面的电子结构，获得了优异的催化性能。
4.Na-Cl离子对诱导活化了碳基催化剂中原本不具有ORR催化活性的石墨型N掺杂基
团q-N-C，将其理论过电位从1.08 V大幅缩减至0.369 V。
5.“耦合离子对诱导离域化活性中心（ICDAS）”具有普遍性，理论上可以用于构
筑和增强所有以N掺杂C结构为基础的ORR催化剂。为高效ORR催化剂的设计提供了新
的思路。
6.用含Co的MOF类材料（ZIF-67）制备了一种具有特殊微观结构的菱形十二面体双
功能催化剂（Co@Co3O4-NC）用于高效的电催化水全分解。Co@Co3O4-NC结构为表层
被氧化的Co纳米颗粒镶嵌在N掺杂的C骨架中。相对于完全氧化的Co3O4-NC催化剂
，Co@Co3O4-NC具有丰富的金属/半导体Schotty结。外层Co3O4壳层作为高效的电荷
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分离功能层进行电荷的交换分离，而中心金属Co核心由于具有良好的导电性将
Co3O4壳层交换分离的电荷迅速传递至主体导电碳框架从而有效地增强了电催化活
性。电流密度为10 mA cm-2 时Co@Co3O4-NC的HER过电位为221 mV，OER过电位为
391 mV，Co@Co3O4-NC作为双功能催化剂进行水全分解所需电压为2.004 V。
         
关键词：燃料电池；水分解；非贵金属电催化剂；耦合离子对诱导；多级结构
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Abstract
         
         
  Comprehensive utilization of hydrogen energy via fuel cells and water
electrolysis systems is an ideal system to realize sustainable development of
human being. In this thesis, we focused on the exploration and preparation for
novel non-noble-metal catalysts for fuel cell and water electrolysis system, and
further explored their catalytic mechanism. The main results are as follows:
1. We firstly fabricated a new class of low cost non-noble-metal catalysts
(CPMPDA-NaCl) for oxygen reduction reaction without using any transition metals
via a quite simple way. This novel catalyst performed outstanding ORR catalytic
activity with a lowest overpotential in theory (0.369 V). In 0.1 M KOH aqueous
solution,the limited diffusion current density reached 4.05 mA/cm-2, the half-wave
potential was 0.905 V, hydrogen peroxide yield less than 7% and the calculation
of single molecule obtained electron transfer number was 4. CPMPDA-NaCl even
out performed Pt/C catalyst.
2. We discovered a new class of N-doped carbon catalysts with the never-before-
seen ion-coupled delocalized active sites (ICDASs), which are highly ORR active
and even better than commercial Pt/C.
3. The electron withdrawing ability of the N dopant could be enhanced by Na+-Cl-
to impart positive charges to not only carbon atoms directly connected to the N-
dopant but also those carbon atoms further away from the N-dopant to form the
ion-coupled delocalized active site (ICDAS) consisting of –C+n-Cl--Na+-N--C+m–,
leading to significantly improved ORR activity.
4. Na+-Cl- dramatically enhances the ORR activity of nonactive quaternary-N
doped carbon. As a result, the theoretical overpotential reduced from 1.08 V to
0.369 V.
5. Our design strategy and facile experimental approach for the large-area
delocalized ORR active sites are useful for the design and development of
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various novel low-cost and high-efficient catalysts.
6. We successfully constructed a structure that partially oxidized Co nanoparticles
anchored in N-doped carbon regular dodecahedron frameworks (Co@Co3O4-
NC) via a MOF-routed method. The Co3O4 shell works as efficient charge
separate functional layer while the metallic Co inner core transport the separated
charges immediately to N-carbon framework. Owing to its unique structure,
charge separate/transport process speeded up thus the electrocatalytic activies
dramatically enhanced. As a result, Co@Co3O4-NC was demonstrated to be a
bifunctional HER/OER eletrocatalyst with excellent activity and stability
performance. This together with its element abundant and facile fabricate method,
makes Co@Co3O4-NC as a promising electrocatalyst for overall water splitting
system in alkaline media.
         
Keywords: fuel cellwater electrolysisnon-noble-metal catalystion couplingmulti-
structure
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